Circular RNAs (circRNAs) are emerging as a novel class of noncoding RNAs which 29 potential role as gene regulators is quickly gaining interest. Although circRNAs have been 30 studied in several tissues and cell types across several animal species, the characterization of 31 the circRNAome in ejaculated sperm remains unexplored. In this study, we profiled the 32 sperm circRNA catalogue in 40 boar samples. A complex population of 1,598 circRNAs was 33 shared in at least 30 samples. The predicted circRNAs presented in general low abundances 34 and were highly tissue-specific. Circa 80% of the circRNAs identified in the boar sperm were 35 reported as novel. We also constructed a circRNA-miRNA interaction network based on 36 experimental and predictive microRNA (miRNA) binding sites. Moreover, we found 37 significant correlation between the abundance of some circRNAs and sperm motility 38 parameters and confirmed two of these correlations by RT-qPCR in 36 samples with extreme 39 sperm quality. Our study provides a thorough characterization of a novel cell type for the 40 circRNA encyclopedia collection and suggests that circRNAs are potential noninvasive 41 biomarkers for male sperm quality and thus, might also hold potential to predict male 42 fertility. 43 44
Introduction
miRNAs and 56 circRNAs) that were found shared in both methods were used for network 178 visualization ( Figure 2 ). Most circRNAs (46) presented one miRNA target site with the 179 exception of 10 circRNAs that harbored 2 or more potential targets ( Figure 2 ). As the 180 ssc_cic_08954 and ssc_circ_1454 which can potentially regulate, each, 4 distinct miRNAs 181 (Figure 2 ). On the other hand, miR-26a and miR-28-5p were predicted to be regulated by 9 182 different circRNAs and 5 different circRNAs regulated miR140-3p and miR-423-5p ( Figure  183 2). 184 1 0 circRNAs, ssc_circ_1101 from KHDRBS3, ssc_circ_0437 from ULK4 and ssc_circ_1061 228 from ZNHIT6 did not present significant differences between the 2 groups (Figure 3 
.B). 229 230

Discussion 231
In this study, we have profiled for the first time, the circRNA repertoire of mature 232 spermatozoa in a mammalian species and its association with sperm motility as a parameter 233 of semen quality. These results provide further evidence and expand the relevance of 234 spermatoza RNAs in sperm biology and quality. circRNAs have been reported as promising 235 potential prognostic and diagnostic biomarkers for human health including, among others, 236 cancer, diabetes, cardiovascular diseases or pre-eclampsia [reviewed in 30] . Here, we provide 237 novel data supporting the potential of circRNAs as biomarkers for the male's reproductive 238 function as reflected by association with sperm motility parameters. 239
We have identified nearly 1,600 boar sperm circRNAs that are robustly present in 240 most samples (at least 30). The sperm circRNA repertoire presented similar genomic circular 241 characteristics such as the proportion of genomic overlap with protein coding or intergenic 242 regions, among others, the number of exons and their length (Figure 1) , when compared to 243 data previously reported in other tissues from swine [28] , human [44] or rat [41] . 244 Nonetheless, the list of sperm circRNAs showed a modest overlap with other tissues and 245 species (Table 3) . Not surprisingly, the largest overlap was with porcine testes (11.6%) 246 probably due to the fact that the spermatogenic lineage including spermatozoa is contained in 247 the male gonads. The proportion of pig sperm circRNAs shared across swine tissues was in 248 general low when compared to the rest of the Sus scrofa libraries (Supplementary Table 4) . 249
Although this comparative analysis may be partly influenced by technical differences 250 involving the processing of the tissues and the data between the studies, our results suggest 251 that sperm present high tissue-specificity, with circa 80% of the circRNAs being present only1 1 in sperm, considerably higher than testes [28] , with approximately 65% testes-specific. On 253 the opposite direction, there was a larger coincidence between the catalogue of around 6,660 254 porcine circRNAs [28, 29] and the swine sperm circRNAome (4.9%), than between the later 255 and the human archive with over 90,000 circRNAs [36] (0.4%) (Table 3 ). This 12x fold 256 difference indicates that circRNAs are not only tissue specific but have also a strong species-257 specific component. 258
We investigated the functional relevance of sperm circRNAs, under the hypothesis 259 that their function is associated to the host gene. Six (CEP63, ATP6V0A2, PPA2, PAIP2 and 260 PAXIP1) of the 15 coding genes providing the top 20 most abundant circRNAs (Table 1)  261 have been directly implicated, to sperm related traits and male fertility. CEP63 is engaged in 262 microtubule organization, and mice knockout studies revealed its essential role in male 263 fertility [45] . ATP6V0A2 proteins and transcripts are down-regulated in infertile men [46] . 264 PPA2 is located in the mitochondrial membrane and might be involved in the production of 265 ATP, control of molecular processes linked to the launching of sperm capacitation and sperm 266 motility [47] [48] [49] . PAIP2 is linked to male sperm maturation and fertility [50] and PAXIP1 is 267 associated with developmental arrest of spermatocytes, testicular atrophy, and infertility in 268 knockout mice [51] . We identified 12 circRNA from hotspot genes producing five or more 269 circRNAs each (Table 2 ). Some of the hotspot genes were related to sperm function and 270 fertility. TESK2 may play a role in early stages of spermatogenesis [52] ; PTK2, which is 271 essential for a embryo development [53] ; SPATA19, a gene that is critical for sperm 272 mitochondrial function in relation to sperm motility and fertilization ability [54] , and 273 SLC5A10, which protein products may act as water channels in spermatozoa [55] . 274
The ontology enrichment analysis of the genes harboring circRNAs pointed towards 275 epigenetic related functions, which are essential in all cell types including chromatinduring embryo development (Supplementary Table 2 ). Gene enrichment analysis also 278 signaled towards spermatogenesis and developmental processes, the later also implicating the 279 embryo development related genes, DHX36, IPMK, RICTOR, CDC73 and ANGPT1 which 280 were hosting some of the circRNAs found in our analysis (Supplementary Table 1 ). These 281 functions are in line with the gene ontologies highlighted in studies analyzing sperm mRNAs 282 [34, 35, 56] , thereby providing further basis for the hypothesis that circRNAs may exert their 283 function (regulation of sperm quality and motility in our study) by controlling their cognate 284 linear mRNA. 285
A previous study in rat testes identified a circRNA age-dependent dynamic pattern of 286 expression and suggested a relation between their abundance and function with the male's 287 sexual maturity and spermatogenesis [41] . For this reason, we sought to investigate whether, 288 like in testes, sperm circRNAs -in boar at least -also accumulate through age. Our data 289 highlighted that there is no association between the mature sperm circRNAs and the boar's 290 age. Cells with high proliferation rates, seem to accumulate less circRNAs, possibly due to 291 passive thinning out during proliferation [57] . Spermatogenesis is a process that occurs 292 throughout the male's lifetime in which spermatogonial stem cells (SSCs) undergo 293 continuous cell division and finally differentiate to ultimately become spermatozoon [58] . 294 Thus, the fact SSCs undergo continuous self-renewal and keep proliferating through the 295 male´s lifetime may impede the accumulation of circRNAs in these cells and thus explain 296 why no age-dependent pattern of circRNA abundance was found in the sperm of pigs with 297 different ages. It is plausible that due to the continuous production and differentiation of the 298 male germ cell, the sperm circRNAome does not mimic the reproductive performance of the 299 boar, at least once the number of germ cells have stabilized which occurs at the age of 7 300 months old in pigs [59] and until the boar is senile. These results infer that stability of mature1 3 sperm circRNAs might be constant for a period in normozoospermic males and provides 302 further evidence for circRNAs as a noninvasive diagnosis tool for male reproductive diseases. 303
To elucidate the functional relevance of circRNAs as miRNA sponges we built an 304 interaction network (Figure 2) . We combined benchwork data of circRNA and miRNA 305 abundances (small and total RNA-seq) and in silico searches of miRNA target sequences in 306 circRNAs with the aim to increase the reliability of the circRNA-miRNA relationship 307 (Figure 3.B) . 360
Interestingly, some circRNAs popped up as relevant in more than one of the analysis 361 carried through the study. For example, ssc_circ_1532 from the hotspot gene SPATA19 362 (Table 2) Table 3 ) and was identified as a 367 potential target of miR-101 (Figure 2 ), a miRNA (miR-101-3p) that was altered in 368 asthenozoospermia men [70] . 369
Remarkably, 4 (DENND1B, PTK2, SLC5A10 and CAMSAP1) of the 12 hotspot genes 370 hosted a circRNA with significant abundance correlation with sperm motility. Thus, one third 371 of the hotspot genes included circRNAs correlated with motility whilst only 14.9% of the 372 genes (147) of the 984 genes hosting the 1,598 circRNAs were correlated to motility. 373 Noteworthy, the 12 circRNA hotspot genes were not hotspots in the other porcine tissues 374
analyzed [28, 29] (data not shown). Altogether, this indicates that circRNAs hotspot genes1 6
CircRNAs are acknowledged to be more stable than mRNA. Our data shows, at 377 different levels, that there is a detectable population of circRNAs in the boar sperm that is 378 related to relevant functions in sperm and fertility. Moreover, these circRNAs are stable 379 across age. For these reasons, our results indicate that circRNAs hold a potential as 380 biomarkers for sperm motility and potentially, fertility outcomes [7, 8, [10] [11] [12] [13] [14] 75 ]. This 381 potential should be further explored in swine, as well as in other domestic animals and in 382 human fertility clinics. 383
In conclusion, our study is the first to characterize the spermatozoa circRNAs 384 repertoire in an animal species. We have provided a comprehensive view of the boar sperm 385 circRNAome and their correlation with sperm motility parameters. Our findings involving 386 sperm motility may spur novel research on male fertility in both human medicine and in 387 animal breeding. 388
389
Material and methods 390
Sperm collection, phenotyping and library preparation 391
Ejaculates from 300 Pietrain boars were collected using the hand glove method by 392 trained professionals at commercial farms. Fresh sperm motility traits were assessed with the 393 CASA system (Integrated Sperm Analysis System V1.0; Proiser, Valencia, Spain). In this 394 study we analyzed sperm motility parameters, including the total percentage of motile cells, 395 VCL (µm/s), VSL (µm/s) and VAP (µm/s). The average percentage of motile cells was 75.1 396 with a standard deviation (SD) of 18.3, VCL (mean: 45.1; SD: 12.6), VSL (mean: 27.0; SD: 397 8.3) and VAP (mean: 34.2; SD: 10.5). Phenotypes were corrected for the fixed variables: 398 farm (1, 2, 3), age (1, 2, 3) and season and year (Autumn 2014 (Autumn , 2015 (Autumn and 2016 Winter 2015 Winter , 399 2016 Winter and 2017 Spring 2015 and 2016; Summer 2015) using the R function "lm" [76] . 400
Ejaculates were purified to remove somatic cells and immature sperm cells and purified yield of these samples averaged 2.2 fg per sperm cells (the range was between 0.8 and 3.7 405 fg). We assessed RNA integrity with the 2100 Bioanalyzer using the Agilent RNA 6000 Pico 406 kit (Agilent Technologies; Santa Clara, USA). All samples presented RNA Integrity Number 407 (RIN) below 2.5, which indicates the absence of intact RNA from somatic cell origin. We 408 then performed RT-qPCR assays for PRM1 and PTPRC mRNAs as well as for 409 intergenic/genomic DNA to verify that all the samples were free from RNA from somatic 410 cells and from genomic DNA contamination [77] . 411 40 sperm RNA samples were subjected to total RNA-seq. 34 of these samples were 412 also used for small RNA-seq. For total RNA-seq libraries, ribosomal RNA (rRNA) was contrasted with other publically available porcine circRNA databases including heart, 434 liver, spleen, lung, kidney, ovary, testis, skeletal muscle, fat and fetal brains [28, 29] . We also 435 queried several human tissues (including several cell lines, brain sections placenta, muscle, 436 fat, umbilical cord, atrium, decidua and plasma) [26, [37] [38] [39] [40] and murine (cell lines and brain 437 sections) [26, 37] available at the circBase database [36] . Genomic coordinates from the 438 human and mouse circRNAs were liftover to Sscrofa11.1 using the UCSC liftover tool [80] . Moreover, a melting profile (95°C for 15 sec, 60°C for 15 sec and a gradual increment of 477 temperature with a ramp rate of 1% up to 95°C) was programmed at the end of the RT-qPCR 478 to assess the specificity of the reactions. The genes ISYNA2 and GRP137 were selected as 479 endogenous controls following the stability values after a GeNorm pilot experiment. Their 480 stability was determined considering a GeNorm M value < 0.5. Relative expression values 481 were calculated using the ThermoFisher Cloud software (Applied Biosystems) applying the 482 
